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Abstract
The heterogeneous nature of petroleum refinery based wastewater (PRW) couple with 
the documented paucity of the classical physicochemical mitigation approaches were 
behind the quest for a cost-effective and ecofriendly alternative with minimum negative 
effects. The toxic and inhibitory substances contained in PRW have made its treatment 
strenuous using a simple pure culture. A novel integrated bacterial mixed culture (BMC), 
Pseudomonas putida (ATCC 49128) and Bacillus cereus (ATCC 14579) with traceable 
imprints in biodegradation of high-strength PRW was proposed as a suitable alternative 
for sulfide oxidation and COD reduction with a potential alternative to classical 
physicochemical mitigation approaches. Comparative biodegradation potential of two 
acclaimed bacteria mixed-culture regimen was evaluated. The degree of inhibition cast 
was assessed based on the effectiveness of BMC to remove the targeted compounds 
(aqueous hydrogen sulfide and COD) within the assigned period of 8 hours hydraulic 
retention time (HRT). The PRW was found to contained initial concentration of 8,155 
ppm COD, and 500 ppm sulfide, coupled with other refractory substances. The 
experiment was repeated batch-wise under defined optimal conditions of 0.25 L/min O , 2
othe temperature of 30 C, agitation of 140 rpm at 8 hours retention time. The results 
obtained indicated 97.47±1.7 %  (mg/L) COD reduction and 99.75±1.8 (ppm) sulfide 
removal efficiency (RE). In addition, the SEM analysis revealed further the potential of 
BMC to degrade sulfide from PRW  to economically feasible elemental sulfur species, 
while EDXS demonstrated a proportionate elemental composition revealing appreciable 
sulfur content and high organic carbon accumulation. Despite the expected toxicity and 
inhibitory effect of the medium, an overwhelming biodegradation was achieved 
disproportionately, hence the model can be suggested for further research of repulsive 
wastewaters. 
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 Based on the existing documents, oil and 
gas industries were the leading anthropogenic 
s o u r c e s  o f  s e v e r a l  e n v i r o n m e n t a l  
contaminations, specifically hydrogen sulfide 
(H S) by up to 90%. The petroleum refinery 2
wastewater (PRW) remains the most hazardous 
owning to its refractory nature comprising of 
PAHs, oil and grease, BTX, phenol among (Chen 
et. al., 2015; Liu, et. al., 2014). These pollutants 
were products of various crude processing units, 
such as desalting, distillation, fluid catalytic 
cracking, coking, visbreaking, hydrogenation 
and hydrodesulfurization, and many more 
(Azizan, et. al., 2016; IPIECA, 2010; Ishak, 
Malakahmad, & Isa, 2012). The classical 
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Characterization and quality analysis of 
petroleum refinery based wastewater (PRW)
 The experiment was conducted in a 2 L 
laboratory-scale batch reactor type BIOTRON 
(LiFlus GX, Intran, Korea). The method adopted 
herewith was as described elsewhere (Ahmad et. 
al., 2017) as modified. Prior to start up, the 
fermenter was fed with 500 mL acclimatizing 
media for the isolates and sterilized along with 
other accessories at 121 ºC temperature and 15 
psi pressure for 20 min. After cooling, the 
calibrated reactor was inoculated with the two 
-1isolates, B1 and B2 (10% vv ) of the total reactor 
volume) in the ratio of 60:40. The variation in the 
strain volume was to compensate for the 
complementary impact of helper bacteria effect 
(Ahmad et. el., 2017). The efficiency of the 
process (aerobic) depends on influent sulfide 
concentration and aeration rate, thus need more 
of the aerobic isolate (B1). While B2 being a 
spore-forming and facultative anaerobe was 
needed as a supportive isolate against the 
inhibitory effect of repulsive components of the 
PRW and toxic metabolites as reported  
(Villahermosa et. al., 2016). To fully explore the 
Two referenced BMC isolates, P. putida 
(ATCC 49128)/B1 and B. cereus (ATCC 14579)/B2 
were used for this study. The initial growth media 
was source from certified local agent in Malaysia 
and utilized based on the manufacturer's 
instruction. Typically, 8 g of nutrient broth (NB) 
was dissolved in a liter of deionized water and 
agitated on a hot plate to homogenize. 
oThereafter, it was sterilized at 121 C temperature 
and 15 psi pressure for 15 min, and cooled to 47 
°C and later dispensed in 20 mL sampling bottles. 
Preparation of pre-cultures was done by 
transferring a loopful of the cell from a stock of 
actively growing culture on a nutrient agar plate 
with the aid of sterilized wire loop into the freshly 
prepared NB (10% w/v) bottles. This was 
separately done for each isolate and incubated 
ofor 24 hours at 37 C. The viability of the stock 
cultures was maintained throughout the 
experimental process using a periodic sub-
culture at least fortnightly on nutrient agar (NA) 
and refrigerated at 4 °C until use (Ahmad et. al., 
2017). 
physicochemical treatment approaches 
(electrocoagulation, adsorption, thermal and 
catalytic oxidation, ozonation, membrane 
separation) have been quite promising in terms 
of faster conversion rate and huge turnover, 
except for its high cost of maintenance (Azizan 
et. al., 2016), energy consumption and 
consequential production of secondary 
pollutants (Watsuntorn, et. al., 2017; Zytoon, et. 
al., 2014).
Bacterial culture and cultivation
 Prior to the experimental studies, the 
wastewater composition analysis was done in 
according to the standard APHA 2540 protocol 
(ICPCB, 2011). A reported analysis by (Azoddein, 
2013) on the same sample showed that it 
contained multiple pollutants such as 
hydrocarbon, polycycl ic and aromatic 
hydrocarbon, phenols, mercaptans, oil and 
grease, sulfides, ammonium, metals derivatives 
such as mercury, cyanides and other chemicals. 
The analyzed result was compared with standard 
A and B of the Malaysian industrial wastewater 
quality analysis to ascertain the level of 
contamination in the PRW. 
Experimental set up
 The biological process of sulfide 
attenuations (biofilters, biotrickling filters, 
bioscrubber, activated sludge) from the aqueous 
medium on the other hand, could handle some of 
the aforementioned limitations, because of its 
ease of operation and management, cheap and 
environmental friendly (Jamaly et. al., 2015; 
Guerreroa et. al., 2016; Pang et. al., 2017). 
Moreover, its application is tailored to suit the 
different forms of wastewater, the targeted 
outputs and potential to prevail unfriendly 
physical and environmental conditions. 
Additionally, most of the reported texts related to 
H S mitigation were from the gas phase, while 2
those in dissolved form were scarcely analyzed 
(Guerreroa et. al., 2016). The complexity of PRW 
made it less likely to be successfully treated by a 
simple biodegrading pure culture. As such an 
integration of co-cultured isolates with traceable 
imprints in high-strengthen industrial 
wastewater biodegradation was found quite 
promising. A novel Pseudomonas putida (ATCC 
49128) and Bacillus cereus (ATCC 14579) with 
uncontested records for inhibitory compounds 
treatment from industrial wastewaters (Ahmad 
et. al., 2017; Cerqueira et. al., 2012; Reshma & 
Mathew, 2014) were proposed. However, their 
integration as mixed culture for treatment of 
aqueous H S from PRW was not reported 2
elsewhere thus could not be accessed prior to 
this work, except a few reports as pure culture 
form for H S mitigation.   In this study, the 2
potential of the P. putida and B. cereus as a 
bacterial mixed culture (BMC) was proposed as 
sulfide and chemical oxygen demand (COD) 
degrading model for PRW. As such the model 
could be suggested for further application to 
treating high-strengthen contaminants from 
both domestic and industrial sludge.
Materials and Methods
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capabilities of the BMC as well as reflect the high-
strength sulfide concentration reported 
elsewhere (Lohwacharin and Annachhatre, 
2010), the PRW was augmented with exogenous 
sulfide source (Na S.9H O) to balance the 2 2
concentration at 500 ppm. The temperature of 
othe medium was maintained at required of 30 C 
using a cooling system (thermostat water jacket) 
from water bath as described (Moghanloo et. al., 
2010). Complete homogeneity of the vessel 
content was maintained with double Rushton 
mechanical impeller and one foam breaker. 
Aeration was achieved using an air compressor 
(HIBLOW HP-80, Japan) with an inbuilt air 
sparging tube from the reactor base. 
 The reactor was started and operated 
batch-wise, and the optimum operating 
conditions of aeration rate, agitation, the 
-1 otemperature of 0.25 L min , 140 rpm and 30 C in 
8 hours hydraulic retention time (HRT). that yield 
highest sulfide removal efficiency (RE) were 
adopted based on the previous findings 
(Lohwacharin and Annachhatre, 2010; 
Moghanloo et al., 2010).  The medium pH was 
sustained at 8.5 using 0.5 M buffer solutions 
based on the reported literatures and preliminary 
experimental works to ascertain the best suitable 
condition for the isolates' growth and effective 
RE. After proposed acclimatization of the BMC, 
the reactor was fed with PRW to balance the final 
working volume of the reactor at 1.5 L. To further 
explore the PRW biodegradation potential of 
BMC, the effect proposed optimum process 
parameters of temperature, aeration, and 
agitation on the RE were analyzed. This was to 
create headspace for collected gases and 
condensing vapor that could result splashing 
effect or foaming. Furthermore, dissolved 
oxygen (DO) was maintained within the range of 
5 to 20 mg/L as the least value to the end of the 
experimental cycle. The oxidation rate of the 
system was estimated using the Eq. 1.0. 
where RE is the removal efficiency, C  is the initial sulfide concentration; C  is the recorded 0 t
concentration at time t.
Biodegradation capabilities of COD at the 
optimum operational process
Analytical Methods
  The samples were analyzed for 
concentrations of COD, and sulfide removal 
efficiency according to standard methods for the 
examination of water and wastewater and using 
standard methods (APHA, 2005). For COD, a 
colorimetric method using a standard 
dichromate closed reflux method (reacting 
sulfuric acid and potassium dichromate), was 
adopted. A spectrophotometer (DR 2800, Hach, 
Jenway, USA) was used to measure the 
absorbance of COD at 600 nm wavelength. 
While total dissolved sulfide (TDS) depletion was 
measured using methylene blue method 
(reaction between hydrogen sulfide with N, N-
dimethyl-p-phenylenediamine (DMPPDA) 
sulfate salt) at a photometric range of 5-800 
2–µg/L S  and wavelength of 665 nm. Results and Discussion
SEM-EDXS
The morphology of the surface image of 
the bacterial biofilm was assessed using 
Scanning Electron Microscopy (SEM) for the 
presence of cells-sulfur particles aggregate, 
while the collective elemental identification and 
composition spectrum was analyzed using 
Energy Dispersive X-ray Spectroscopy (EDXS). 
The treated sample was analyzed using a high-
resolution SEM (Hitachi, TM3030Plus, Japan). 
Initially, aliquots samples were withdrawn 
terminally in 35 ml sampling tubes and 
transferred to Karnovsky's fixative solution for 
primary fixation as described previously (Patel et. 
al., 2016;Villahermosa et. al., 2016) as modified 
in (Reshma, & Mathew, 2014). Hydration was 
achieved in thrice distilled water for 15 min with 
centrifugation at 5000 rpm for 5 min each. This 
was followed by dehydration in a graded ethanol 
solution of (30%, 50%, 70%, and 90 %) for 10 
min each and absolute ethanol (100%) for 15 
min. The samples were pipetted to 1 cm 
diameter aluminum foil paper and air-dried at 
room temperature in an enclosed bio-safety 
cabinet overnight. The sample specimens were 
stuck onto a stub using double-sided colloidal 
silver for mounting. Finally, the prepared 
samples were subjected to SEM analyses and 
observed at accelerating voltage of 15 keV.
The oxygen consumption of the 
oxidizable substances (COD) for the hydrocarbon 
oil wastewater at the microaerobic condition of 
0.25 L/min was found to be enhanced by the 
omoderate temperature of 30 C, while 
homogeneity of the medium content was 
sustained at 140 rpm impeller speed. Table 1 
showed the rate of COD consumption over 8 
hours HRT under medium aeration and 
omesophilic (30 C) temperature condition. It can 
be seen that an overwhelming performance 
occurred between the periods of 4-6 hours with 
90.53±1.5 % COD reduction. This trend of 
(1.0)
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A similar reduction rate by (Muhamad, et. 
al., 2013) who reported at 97.2 % under low 
aeration rate within 3 day and 750 mg/L influent 
COD concentration using attached growth with 
granular activated carbon. It can, therefore, be 
suggested that the complementary impact of 
mixed culture further strengthened the earlier 
reports regarding their highest performance over 
the pure culture isolates for recalcitrant 
wastewaters treatment. 
highest COD consumption could probably be 
traced to active substrate utilization during the 
active metabolic period of exponential growth 
phase of the growing isolates. In addition, the 
performance was probably due to the potential 
of BMC to withstand the effect of non-
biodegradable components of PRW. Asadi and 
Ziantizadeh (2011) reported that presence of 
non-biodegradable COD in an industrial 
wastewater was a stumbling block due to its 
inhibition of microbial community. The BMC 
model was able to register the highest COD 
reduction of 97.47±1.7 % at the end of 8 hours 
HRT. This finding was higher than what was 
reported of 73.89 % in 24 hours by (Liang, et. al., 
2015) and 83.9±1.7  under optimum conditions 
of HRT (24 hours) and MLVSS (4000 mg/L) by 
(Elmolla et. al., 2012). 
Table 1: Biodegradation capability of COD from Petroleum Refinery Based Wastewater
Potential and effect of operational parameters on 
sulfide biodegradation
The sulfide biodegradation of the PRW 
was carried out based on the model established 
optimum process variables of aeration (0.25 
oL/min), temperature (30 C) and agitation (140 
rpm), at a residence time of 8 hours. The removal 
efficiency of H S  in a submerged growth 2  (aq)
pattern was tagged to these significant process 
parameters of initial sulfide concentration, 
aeration rate, temperature, and mixing. The 
parameters were also fingered to not only affect 
the rate of removal and growth of the 
biodegrading isolates but even the nature of 
product species.   Figure 2 and Table 2 showed 
the trend of sulfide reduction termed as RE over 
the period of the experimental process. The low 
RE of 15.43±0.9 % (Table. 2) in the first two 
hours of the startup indicated the usual 
acclimatization of these isolates to its new 
environment which is required to prepare the 
organism to next phases of metabolic activities 
as pointed previously (Schultz and Kishony, 
2013). The next period of between 4-6 hours 
corresponded to exponential growth phase, 
which was characterized by highest cellular 
activities of substrate (sulfide biodegradation) 
utilization and cell biomass synthesis. However, it 
is worth noting that in almost all biodegradation 
studies reported especially involving inhibitory 
substances, the late exponential phase is marred 
by a slowed growth and declined in degradation 
rate (Ahmad et. al., 2017). It was reported by 
other researchers that the inhibitory 
concentration of aqueous dissociated sulfides 
ions is in the range of 100 – 800 ppm, while for 
the undissociated form (H S) it ranges between 2
50 – 430 ppm (McDonald, 2009; Schultz and 
Kishony, 2013). This reports further supported 
the tolerance capabilities of this model (BMC) to 
high-strength PRW with aqueous sulfide 
concentration and COD of up to 500 ppm and 
8,155 mg/L. This may be due to the accumulation 
of metabolic residue or filling of undissociated 
dissolved H S that inhibit the bacterial growth 2
due to impairment of cell proteins, coenzyme 
activities, and sulfide assimilation (Guerreroa et. 
al., 2016).
Nevertheless, it can be seen that the 
pattern of H S and COD removal rate was quite 2
smooth and consistent in this study. This was due 
to the mutual interactions effects of BMC that 
enable the consortium avoid or reduce the impact 
of hard and recalcitrant pollutants. It was 
reported elsewhere that mixed culture of bacteria 
and other microorganisms' consortium were able 
to escape the inhibition of constituents in its 
med ium due  to  the  mechan i sm o f  
complementary bacteria-interactions-helper 
effect (Garcia, 2016). The micro-oxygenated 
medium of the reactor, coupled with medium 
temperature and mixing that ensure 
homogeneity of the content, facilitated RE of 100 
% or reduction of the sulfide content to 0 ppm. 
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The previous report affirmed the capabilities of 
mixed culture bacteria to biodegrade complex 
PRW due to the presence of rich and appropriate 
enzymatic drive (Das and Chandran, 2011).  It is 
therefore suggested that the model could 
propose for biodegradation of stiff-necked 
wastewaters such as petroleum refinery based 
wastewater. Moreover, it can be seen that both 
COD and sulfide reduction to permissible 
discharge level of 50/100 COD mg/L and 0.5 ppm 
was attainable within the experimental period of 
8 hours HRT. Generally, BMC degraded many 
compounds from hydrocarbon oil wastewater 
with corresponding cell growth and biomass 
synthesis (EDXS analytes), indicating multiple 
biodegradation potentials of these isolates with 
disproportionate efficiencies. 
Table 2: Sulfide removal efficiency of BMC from PRW under optimum operation 
 The SEM-EDXS offer an insight on the 
mechanism of isolates upon introduction into the 
polluted medium, in which they responded by 
the formation of resistance layer (biofilm) that 
allows tolerance to toxic and inhibitory medium. 
The resistant hydrogels contained an upshot of 
oxidized soluble sulfide to probably organic 
elemental sulfur. The SEM micrographs and the 
EDXS analysis of the extra polymeric substances 
(EPS) from the biofilm surface of the oxidized 
PRW samples were evaluated to further figure 
out biodegradation efficiency of the BMC. It has 
been established that the nature of the product 
species depends on the sulfide concentration 
0and aeration rate, with a tendency for S  
-2 selectivity at a low O /S ratio of 0.2-0.5 DO 2
mg/L. Figure 1 shows the SEM micrograph of 
BMC biofilm from the blank sample prior to 
degradation while the oxidized sulfide samples 
with an overwhelming sulfur deposition 
coagulates is represented in figure 2. The EDXS 
analysis (Figure 3) revealed a corresponding 
elemental product percentage. Sample from the 
dispersed active sludge of the batch reactor 
where sulfur sediment was presumably retained 
was withdrawn through the sampling port. It can 
be seen that the sulfur excretes from the image 
was quite visible in form of deposited cells-sulfur 
granules of the biofilm (Fig. 2), while a freely 
disperse rod-shaped bacterial cells without 
noticeable sulfur granules was observed from 
the SEM micrograph of the wastewater sample 
prior to biodegradation process (Fig. 1). It was 
reported that high influent sulfide concentration 
and low aeration rate favored elemental sulfur 
formation. Additionally, some patches of rod-
shaped bacterial cells can be seen with 
extracellularly deposited sulfur granules, while 
the major portion revealed coagulated biofilms 
with less visible outer sulfur excretes (probably 
intracellular). Although the cells-sulfur 
deposition aggregate was less than what was 
reported previously by (Jensen, et. al., 2016) and 
(Lohwacharin and Annachhatre, 2010), however, 
the aggregates were relatively formed with that a 
large SOB cluster of sulfur excretes coagulates. It 
can be seen that micrographs had some hollow 
pore spaces further affirming the incorporation of 
air bubbles in the biofilm that enables further 
metabolism of membrane bond sulfur.
SEM-EDXS of Samples Biofilm
 Moreover, the EDXS of the sample reveals 
the detail elemental composition with their 
corresponding weights. Figure 2 showed the 
elemental composition and relative weight or 
proportion. From the elemental spectrum 
analysis, it can be seen that sulfur proportion of 
0.32 % was at the lowest range in the treated 
sample. Additionally, growth indicated by organic 
carbon accumulation (63.72 %) was significant, 
indicating overwhelming substrates utilization 
from the PRW. The proportion of phosphate 
groups which serve as acceptors of the electron 
-2donated by reduced sulfur (S ), enhance 
significant electron transfer equilibrium. 
Consequently, this facilitated efficient energy 
production and growth, signified by biomass 
accumulation. 
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Figure 1: Micrographic image of the sample before 
degradation sample 
Figure 2: Micrographic image of the degraded 
sample SEM image 
Conclusion
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